The responses of a line of normal human mammary epithelial cells, HME87, to treatment with the ultimate carcinogen benzo[a]pyrene diol epoxide (BPDE) were analyzed using a directed gene expression analysis technique, RAGE. Under conditions where cell number was decreased by 50% 24 or 48 h post-treatment, flow cytometry demonstrated no establishment of a G 1 /S arrest nor induction of apoptosis; cells continued to enter S phase from G 1 for at least 24 h but were blocked at G 2 /M. Using the RAGE technique, changes in gene expression were assayed for over 1000 genes, and multiple time-point data were collected for~90 genes. In accord with the cell cycle studies, expression of the p21-WAF1 gene, the major mediator of p53-dependent G 1 /S arrest, did not increase until 24 h posttreatment. The expression of other target genes for transactivation by p53 was increased at early time points, including GADD45, an effector of the G 2 /M checkpoint, and WIP1. Analyses of proteins in treated cells indicated that p53 was phosphorylated at Ser15 but not at Ser20 within 30 min of treatment, and this correlated with an increase in the total amount of p53 protein. Significant expression changes were noted in a number of transcription factor genes, including ATF3 and E2A, genes that have not been previously connected to a response to DNA damage involving bulky chemical adducts. In addition, expression of the XPC gene was induced by BPDE treatment; the XPC product is thought to be involved in recognition of DNA damage by the nucleotide excision repair system.
Introduction
The introduction of damage into genomic DNA by genotoxic agents poses a major problem for cells that are actively dividing, as replicative DNA polymerases are generally unable to continue replication past such lesions (1) . Even for lesions that do not block the replicative polymerase there is often a loss of information at the damage site, with the possible introduction of the wrong base opposite the damaged base leading to a mutation in the next cell generation. Several mechanisms to overcome this problem have been identified in eukaryotic cells, of which the best understood are the various forms of DNA repair. Depending on the kind of damage, the base excision repair, nucleotide excision repair or mismatch repair systems may be of primary importance in returning genomic DNA to its normal state (1) (2) (3) . In addition, several DNA polymerases that can bypass DNA lesions have recently been identified and characterized (4) (5) (6) (7) . Although these bypass polymerases allow the completion of replication in the presence of damage, several of them exhibit fairly high misincorporation rates (4, 5, 8, 9) .
For bulky, distortive DNA lesions, nucleotide excision repair is of key importance in preventing toxicity and lowering induced mutation frequencies (10, 11) . However, this process is not instantaneous, and for typical mammalian cells treated with a genotoxic chemical carcinogen or with ultraviolet (UV) radiation only 40-60% of the lesions are removed from the genome as a whole in 24 h (10, 12, 13) . Indeed, it has been shown that allowing more time between the induction of DNA damage and the entry of a damaged cell into the DNA synthetic phase of the mammalian cell cycle (S phase) protects that cell from mutagenesis (10) . This protection phenomenon is dependent on intact nucleotide excision repair, suggesting that a cellular response to DNA damage that included a delay in S-phase entry would provide protection from mutation induction.
The product of the TP53 tumor suppressor gene has been identified as playing a key role in the cellular response to DNA damage, and two alternative pathways are dependent on the activity of p53: growth arrest and apoptosis (14) (15) (16) (17) . The first of these apparently uses the strategy of blocking cell cycle progression to give the DNA repair and/or bypass machinery time to remove or resolve the damage sites prior to replication. Central to this response is the establishment of a G 1 /S checkpoint to prevent further entry of cells into the DNA synthetic phase of the cell cycle. This checkpoint is mediated by the cyclin-dependent kinase inhibitor p21-WAF1, a direct downstream target for transcriptional activation by p53 (18, 19) . Additionally, a G 2 /M checkpoint is often established to prevent attempted division of cells with damaged chromosomes. Another direct target of p53 transcriptional activation, gadd45, has been implicated in this process (20) . The alternative pathway, apoptosis, is thought of as a way to eliminate cells with so much damage that mutation-free recovery is unlikely. Several p53 targets have been implicated in damage-induced apoptosis, including BAX, PERP and p53AIP1 (17, 21, 22) .
Much of the elegant work that has established these p53 damage response pathways as a paradigm has utilized ultraviolet radiation, ionizing radiation (IR), or oxidative stress as the DNA damaging agent. These forms of DNA damage are recognized by the cell by as yet undetermined mechanisms, and result in post-translational modifications of p53 that result in the stabilization of the protein and its accumulation in the nuclei of damaged cells (15) . The ATM (23) and ATR (24) protein kinases play key roles in p53 activation in response to IR and UV, respectively. Bulky chemical adducts have also been shown to induce stabilization and nuclear accumulation of p53 (25) . However, recent work with direct acting metabolites of polycyclic aromatic hydrocarbons (PAH) has failed to demonstrate the establishment of a G 1 /S growth arrest in response to this form of DNA damage in the MCF7 breast cancer cell line (26) (27) (28) . Thus, alternative DNA damage response strategies may be utilized for different kinds of damage.
The bulk of the studies described above have been carried out in either fibroblasts, lymphoid cells or in various cancer cell lines, and less is known about DNA damage responses in epithelial cells (29, 30) . However, most naturally occurring human cancers are epithelial in origin, and the possibility exists that epithelial cells may respond differently to DNA damage than either fibroblasts or tumor cells. It thus seemed of interest to investigate the response to environmentally relevant DNA damage in an epithelial system. We report here some of the responses of normal human mammary epithelial cells to the direct acting PAH metabolite BPDE. We have used a novel global gene expression analysis technique, RAGE (31) , to identify genes up-or down-regulated in response to this model carcinogen. This PCR-based technique supports the assay of virtually any eukaryotic gene of choice using a small set of primers (320) and a single set of PCR conditions. In the present study, we have chosen to study over 1000 genes related to the cell cycle, apoptosis, DNA damage responses and regulation of transcription. Several regulatory pathways that were not known previously to respond to PAH-adducts have now been implicated.
Materials and methods

Cell growth and carcinogen treatment
The HME87 strain of human mammary epithelial cells was originally established from normal uninvolved breast tissue of a 51-year-old breast cancer patient (32) . HME87 cells were grown at 37°C in a semi-defined medium, MEGM (Clonetics, San Diego, CA), in the presence of 1.7% CO 2 . These cells are mortal and non-transformed, but exhibit extended growth in culture (L.Gollahan, personal communication). All experiments were done prior to passage 16, which marks the approximate onset of senescence. Similar to other strains of 'normal' mammary epithelial cells, the extended life span of HME87 cells is due to methylation of the p16 gene (A.Brenner and C.M.Aldaz, personal communication).
(Ϯ)-7r,8t-dihydroxy-9,10t-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE) was obtained from ChemSyn Laboratories (Lenexa, KS), and stock solutions were prepared, analyzed and stored as described previously (13) . [ 3 H]BPDE was obtained from the Carcinogen Repository, NCI and treated similarly. Working solutions of carcinogen were prepared daily in tetrahydrofuran, and the integrity of the diol epoxide was verified just prior to use (33) .
Cell monolayers were rinsed with phosphate-buffered saline (PBS), and the medium replaced with MEBM, a protein-free, basal medium related to MEGM but lacking growth factors. Because BPDE is extremely labile in aqueous solution (half-life Ͻ10 min), the carcinogen stock was added (at a 1/300 dilution) to an aliquot of MEBM Ͻ5 s before addition of the MEBM to the cells. Control cells were treated with a 1/300 dilution of the solvent in MEBM. Culture dishes were returned to the 37°C incubator for 30 min prior to harvest unless otherwise indicated. When post-treatment recovery was required, the treatment medium was removed, the cells were rinsed with PBS, and returned to the incubator in fresh MEGM.
Determination of DNA adduct levels
Cells treated with [ 3 H]BPDE were harvested by a protocol that removes unreacted and hydrolyzed carcinogen prior to release of the genomic DNA from the nucleus (34) . This prevents adventitious binding of carcinogen to DNA during the isolation and results in low zero-time backgrounds. DNA was purified as described, and the specific activity of the DNA determined by spectrophotometry and liquid scintillation counting. 
Cell cycle analysis
After appropriate recovery times, cells were harvested by trypsinization, fixed in ethanol and stained with propidium iodide for standard cell cycle analysis. Alternatively, cells were exposed to 100 µM 5-bromo-2-deoxyuridine (BrdU) for 30 min prior to trypsinization to specifically label S-phase cells. After fixation, cells were stained with fluorescein-conjugated antibody to BrdU and counter stained with propidium iodide. Cell suspensions were analyzed on a Coulter Elite flow cytometer, and data were collected using appropriate electronic gating to remove background debris and aggregates. Cell cycle analysis was performed with MultiCycle software.
Analysis of gene expression patterns
After appropriate recovery times, cells were lysed in Trizol reagent (Invitrogen), and the lysate was stored at -80°C until it could be processed. Preparation of total RNA, polyAϩ mRNA and cDNA was as described (31) . cDNA was converted into the template for RAGE analysis, bitags, as described. PCR reactions specific for desired genes were carried out as described, using the equivalent of 0.1-0.5 ng cDNA/reaction, and analyzed by staining the resulting chromatograms with VistraGreen and digitally imaging them with a FluorImager (Molecular Dynamics, Sunnyvale, CA). Data reported represent the ratios of the digital signals from paired reactions using template from BPDE-treated versus mock-treated cultures (E:C). The significance of changes in E:C ratios from 1.0 was determined by unpaired t-tests in comparison with the E:C ratios determined for a set of control genes that included β-actin and four ribosomal proteins. Primers for individual reactions were determined from analysis of all human mRNA entries in GenBank using a database available at: http://sciencepark.mdanderson.org/ggeg. Northern and western analyses were performed using standard methods.
Results
Overall cellular response to BPDE-DNA adducts
The extent of formation of DNA damage in exponentially growing HME87 cells was determined using tritium-labeled carcinogen, and measuring the specific radioactivity of DNA purified from treated cells. Formation of damage was essentially complete within 15 min of addition of the carcinogen ( Figure  1) , and damage increased linearly with [BPDE] over the dose range tested (Figure 1, inset) . At 1.0 µM BPDE, the initial level of damage formed corresponded to~180 000 adducts/cell.
To determine the associated level of toxicity, exponentially growing cells were treated with a range of concentrations of BPDE, and the number of cells per dish was determined after The logarithm of the total cell number decreased linearly with increasing BPDE dose, and no 'shoulder' region was apparent. The apparent D 0 in several experiments was~2 µM BPDE; similar data were obtained at 48 h post-treatment. Normal mammary epithelial cells do not survive well at cloning densities, and therefore standard survival assays cannot be carried out. However, when cells were harvested at 48 h posttreatment, and replated at 30 000 cells/well, there were no dose-dependent differences in overall growth 5 days later. This suggests that toxicity in these cells occurs rapidly, and can therefore be estimated by cell counts at 24 or 48 h posttreatment. Further experiments were carried out at 1.0 µM BPDE, a dose level that produced about a 50% decrease in cell number at 24 h post-treatment compared with the solvent treated controls. It is worth noting that there is no absolute decrease in cell number in the BPDE-treated cells between 0 and 24 h, but rather an attenuation of the increase (approximately two times) in cell number seen in the control cultures during this time period.
The effects of treatment with 1.0 µM BPDE on cell cycle parameters were determined by flow cytometry at various times after treatment. Representative histograms of DNA content are shown in Figure 3A -F, and data from three independent experiments are collected in Table I . No differences between control cultures ( Figure 3A ) and BPDE-treated cultures ( Figure 3D ) were seen up to 6 h post-treatment. At 10 and 24 h post-treatment, the fraction of cells in the S phase of the cell cycle decreased in the control cultures as they approached confluence ( Figure 3B and C). In contrast, BPDEtreated cells maintained a higher fraction of cells in S phase ( Figure 3E and F) throughout this time course, and extending to 48 h (Table I) . Additionally, the fraction of cells in G 2 /M also increased in the treated cells relative to the controls at these time points. The latter finding suggested that a G 2 /M block is established in the treated cells between 6 and 10 h post-treatment. The maintenance of a high level of S phase cells in BPDE-treated cultures in the face of an increase in the fraction of G 2 /M cells clearly implies continued entry of G 1 cells into S phase for at least 24 h following treatment.
To firmly establish this point, control and BPDE-treated The table presents mean and standard deviation of cell cycle parameters measured in three independent experiments, with three dishes per point in each experiment. In the control cells, the fraction in S phase decreased with time as the cells approached confluence.
cells were allowed to incorporate BrdU for 1 h prior to harvest, and the level of incorporation due to new DNA synthesis was determined by staining with fluorescently labeled antibody to BrdU prior to analysis by flow cytometry. In Figure 4 , total DNA content is presented along the x-axis and BrdU staining along the y-axis. At A and C, 10 and 24 h post-treatment, both control ( Figure 4B and D) and BPDE-treated cultures showed significant levels of incorporation of BrdU (cells above the dotted line), indicating that cells were actively synthesizing DNA. Importantly, the population of cells indicated by the boxes in the Figure represents cells that have an approximate G 1 DNA content and are actively synthesizing DNA. The fact that they do not have an increased DNA content strongly suggests that they had recently entered S phase, implying that a G 1 /S block is not established in the treated cells prior to 24 h post-treatment.
As noted above, BPDE treatment reduces the cell number in treated cultures after 24 or 48 h compared with controls. However, in both controls and BPDE-treated cultures the absolute number of cells recovered increases in the first 24 h, and the BPDE effect could be simply a decrease in growth rate rather than cell killing. As one of the pathways associated with the p53-mediated response to DNA damage is apoptosis, several approaches for measuring apoptosis were attempted. Several immunohistochemical stains gave no indication of an increase in apoptotic cells after BPDE treatment (data not shown). In addition, the flow cytometry profiles ( Figure 3D-F antibody to Fas to induce apoptosis. Sixteen hours later, a clear peak of cells with subG 1 DNA content was seen ( Figure 3G ), indicating that apoptotic pathways are operative in HME87 cells, and give rise to DNA fragmentation and loss. These results suggested that the response of HME87 cells to damage by BPDE involves neither apoptosis nor a G 1 /S arrest, at least for the first 24 h post-treatment.
Global changes in gene expression in response to BPDE treatment
Cultures of HME87 cells in mid-log phase growth were treated with 1.0 µM BPDE or solvent only as described above, and RNA was prepared at various times after treatment. The cDNA was converted to bitags, the template for RAGE analysis, as described previously. The RAGE technique allows quantitative PCR reactions specific for most human genes to be carried out under identical conditions (31) . Specificity is obtained by the choice of PCR primers and by the size of the amplimer product, and a fairly small set of primers is required to cover the entire genome. As an example, triplicate determinations of relative mRNA levels 10 h post-treatment in control (C) and BPDE-treated (E) cells for three genes are shown in Figure 5 . RAGE reactions designed to amplify a 155 bp fragment of the ATF3 transcription factor mRNA, a 178 bp fragment of the p21-WAF1 mRNA, or an 86 bp fragment of a control gene (GAPDH) were carried out with templates prepared at 10 h post-treatment. As described previously (31), the technique is highly specific and reproducible.
We assayed about 1100 different genes at one or more time points via RAGE; of these, about one-fourth produced a measurable signal and we chose about a hundred for further study. These included genes for transcription factors, DNA 'C') . After 10 h, mRNA was prepared and used to prepare bitags. RAGE reactions selective for p21-WAF1 (lanes 2 through 7), ATF3 (lanes 8 through 13) or glyceraldehyde-6-phosphate dehydrogenase (GAPDH) were carried out and analyzed on polyacrylamide gels. DNA band in the gels were stained with VistraGreen and quantitated on a FluorImager. Triplicate determinations for each gene are shown. The expected sizes of the RAGE amplimers were: p21-WAF1, 178 bp; ATF3, 155 bp; GAPDH, 86 bp. repair enzymes, cell cycle proteins, housekeeping proteins and known damage-response genes. An overall view of the expression of these genes is provided in Figure 6 in the form of a virtual microarray. Each spot represents alterations in expression of a single gene, measured 4, 10 or 24 h ( Figure 6A , B and C, respectively) after BPDE treatment. Spots are colored increasing shades of green for genes that are over-expressed following treatment and red for under-expression. This global view indicates relatively few changes in gene expression in the first 24 h after BPDE treatments: Ͻ10% of the genes tested exhibited Ͼ2-fold changes at any time point. Among those genes whose expression changes little after BPDE treatment are most ribosomal protein genes and genes of intermediary metabolism (Table II) . These serve as a check that the concentration of active template in the control and BPDE-treated preparation at each time point are equivalent. The coefficient of variation of the technique, estimated from the ensemble of control genes listed in Table II is Ͻ25%. Power calculations suggest that this level of variation should allow the determination of 2-fold changes in expression with a minimum of four replicates and a power of 95%.
Selected genes whose expression was found to increase or decrease significantly at one or more time points are described in Tables III (genes involved in The mean E:C ratio for the entire control dataset is 1.00, and the mean of the standard deviations is 0.23. 
a Genes known to be involved in DNA repair, DNA damage response or cell cycle control whose expression changed significantly at one or more time points are included in the The significance of the change in gene expression was assessed by comparison with data for genes that were not expected to change, using the first five genes described in Table II as the control dataset. Similar results were obtained with either the full set of 20 control genes from Table II, or simply by comparing to β-actin. To linearize the measurement scale, comparisons were made using the natural logarithm of the E:C expression ratio. However, to facilitate interpretation, the mean and standard deviation of the ln(E:C) values were converted back to 'Fold change' by exponentiation. For data points showing decreased expression (i.e. mean E:C Ͻ1.0) the reciprocal of E/C was taken to give 'Fold change' and the decrease is indicated with a minus sign. c Significantly different than control genes, P Ͻ 0.001. d Significantly different than control genes, P Ͻ 0.0001. known to be increased in response to several other cellular stresses (35) , but it has not been described as responsive to PAH-induced DNA damage. Several other transcription factor genes with altered expression (Table IV) , including E2A, SOX4, DP-1 and ARP1, have not been linked previously with a stress response.
Several genes known to increase in response to DNA damage, including p21-WAF1, GADD45 and GADD153 (CHOP) (18) (19) (20) 36) were apparently induced in BPDE-treated cells (Table IV) , although the time courses of these responses were different. In particular, p21-WAF1 and GADD45, both of which are downstream targets of the transactivation function of p53 (18) (19) (20) , exhibited distinct time courses of expression alteration. p21-WAF1 expression was not altered at 4 or 10 h post-treatment, but showed about a 2-fold increase at 24 h. As p21-WAF1 is the primary effector of the p53-dependent G 1 /S block, the lack of an early increase in p21-WAF1 mRNA is consistent with the lack of establishment of a G 1 /S block for the first 24 h after treatment (Figures 3 and 4) . In contrast, GADD45 mRNA was increased early after treatment. As gadd45 is one effector of the p53-dependent G 2 /M block, this correlates with the early establishment of a G 2 /M block as shown above. Three other downstream transactivation targets of p53, CCNG1, WIP1 and p53R2 (37, 38) , also showed significant changes in expression. Expression of WIP1 was significantly increased at 4 and 10 h after treatment, similar to the time course exhibited by GADD45, while expression of p53R2 was significantly increased only at 24 h, similar to p21-WAF1. In contrast, CCNG1 expression was significantly repressed 4 h after BPDE treatment. Thus, known transcriptional targets of p53 exhibit at least three distinct temporal patterns of response to treatment with BPDE. Of genes directly involved in nucleotide excision repair, the primary DNA repair pathway involved in removing PAH-DNA adducts, only XPC showed significant up-regulation. XPC is thought to be involved in the initial recognition of DNA damage (1-3) , and the A and B) or polyA-containing mRNA (C) were used for northern analysis, using probes specific for (A) ATF3, (B) p21WAF1, or (C) E2A. The RNA samples were prepared from BPDE-or mock-treated cells at the indicated time points. The images were obtained with a Storm PhosphorImager (Molecular Dynamics), and quantified using ImageQuant software. The calculated fold increases for p21-WAF1 were: 4 h, 1.4; 10 h 1.7; 24 h, 2.0. For E2A, the calculated fold decreases were: 4 h, 1.4; 10 h, 2.0; 24 h, 1.5. For ATF3, no signal could be detected in the mock-treated cells and therefore the E/C ratio could not be calculated reliably.
binding of xpc protein to damaged DNA is rate limiting in nucleotide excision repair in vitro (39) .
To confirm the changes in expression of key genes, northern analyses were also conducted. The time courses of changes in expression of the ATF3 and p21-WAF1 genes were determined using total RNA from BPDE-treated (E) and control (C) cells ( Figure 7A-B) , and for the E2A gene using purified polyAϩ mRNA ( Figure 7C ). Equal loading (Ϯ5%) was confirmed by stripping and reprobing the membranes shown in Figure 7 with a probe for GAPDH; the ratios of the experimental to control lanes were 0.99 Ϯ 0.04 for the reprobing experiment. Although ATF3 expression was close to the detection limit for northern analysis, the large increase in expression at 4 and 10 h post-treatment seen with RAGE was also detected by northern hybridization. Similarly, a late (24 h) increase in p21-WAF1 was seen; in multiple experiments this change was~2-fold, similar to the RAGE results. Expression of the gene for the transcription factor E2A could not be detected with total RNA, but analysis of mRNA indicated reductions in expression at all time points, with a 2-fold decrease at 10 h, again similar to the RAGE data.
Alterations of p53 and p21WAF1 after BPDE treatment
To begin to dissect the mechanisms responsible for these changes in gene expression, we studied changes in cellular proteins after BPDE treatment. As changes in p53 have been implicated in the cellular response to DNA damage, we initially studied changes in both the overall level of p53 and in the extent of phosphorylation of particular serine residues using specific antibodies. Western analyses ( Figure 8A ) showed that the overall cellular level of p53 increased beginning~2 h following BPDE treatment, and remained well above the level in control cells for at least the first 24 h post-treatment. There was a parallel increase in phosphorylation of p53 at Ser15 ( Figure 8B ). However, phosphorylation at Ser20, a residue involved in mdm2 interactions and stabilization of p53 (40) (41) (42) , was detected at comparable levels in both treated and control cells. In agreement with the northern results, no increase in the amount of p21-WAF1 was seen at time points earlier than 24 h ( Figure 8D) . Fig. 8 . Changes in p53 and p21 protein levels and phosphorylation following BPDE treatment. HME87 cells were treated with BPDE or mocktreated as described for the gene expression analyses. At various time points after treatment, whole cell extracts were prepared. Aliquots were analyzed by PAGE electrophoresis and western blotting using antibodies specific for: (A) total TP53, (B) Ser15-phosphorylated TP53, (C) Ser20-phosphorylated TP53, (D) p21-WAF1. 
Alterations of transcription factors and kinases after BPDE treatment
These results suggested that alterations in signaling pathways upstream of or unrelated to p53 might be involved in the response of HME87 cells to BPDE-DNA damage. One of the genes whose expression was found to increase dramatically with BPDE treatment was ATF3, a transcription factor that has been implicated in the response to other forms of stress (35) . As shown in Figure 9A , this increase was also reflected at the protein level. A BPDE-dependent increase in ATF3 protein was first detected at 2 h post-treatment, rising at 4 and 10 h, and returning approximately to basal levels at 24 h post-treatment. This time course is similar to that seen for ATF3-specific mRNA. The promoter of the ATF3 gene contains functional binding sites for ATF family members as well as an AP1 consensus sequence, and both ATF2 and c-jun have been implicated in stress-induced increases in ATF3 transcription (43) . In HME87 cells treated with BPDE, total levels of ATF2 remained constant, although there was a slight shift in electrophoretic mobility 30 and 60 min after treatment ( Figure 9B ). However, there was a dramatic increase in phosphorylation of ATF2 at Thr71 at 30 and 60 min posttreatment ( Figure 9C ). Thr71 phosphorylation increases the transactivational activity of ATF2 (44) , suggesting that increased ATF2 activity may be partially responsible for the observed increase in ATF3 at later times following BPDE treatment.
Phosphorylation of c-jun at serines 63 and 73 has also been reported to be involved in mammalian stress responses (45, 46) . As shown in Figure 9D -F, c-jun protein levels remained fairly constant after treatment of HME87 cells with BPDE, but highly increased phosphorylation of both Ser63 and Ser73 of c-jun was detected beginning 30 min after BPDE treatment. Phosphorylation at these residues remained higher than control levels for at least 10 h. Phosphorylation of these residues is known to be controlled by the stress activated protein kinases (SAPK), in particular by the jun N-terminal kinase (JNK) (46) . As shown in Figure 9G , an antibody to phosphorylated SAPKs detected an increase in this activating modification at 30 min post-BPDE treatment. The data are consistent with involvement of a c-jun-mediated signaling pathway in response to BPDE damage, leading to activation of the ATF3 gene.
Discussion
The data presented above clearly indicate that HME87 cells respond differently to a sub lethal dose of BPDE than expected from the p53 paradigm. Data from cell cycle analyses ( Figures  3 and 4) , RAGE analysis (Table III) , northern analysis ( Figure  7 ) and western analysis (Figure 8 ) all indicated that a p53/ p21-Waf1-mediated G 1 /S checkpoint was not established early after BPDE treatment, although increased expression was seen 24 h post-treatment. However, BrdU labeling studies (Figure 4 ) indicated that cells continued to enter S-phase 24 h posttreatment. Direct measurements indicated formation of BPDE-DNA adducts at levels amounting to on the order of 180 000 adducts/cell; preliminary experiments showed that approximately half of these adducts persist at 24 h posttreatment (data not shown). Although cell numbers were decreased~2-fold 24 or 48 h post-treatment, this was not due to apoptosis, which could not be detected at any time point (Figure 3 ), nor at higher, lethal doses of BPDE (unpublished data). The fact that expression of other genes, including p53 target genes, was induced by this treatment (Tables III and  IV) indicates that the lack of induction of p21 was not simply due to some generalized inhibition of gene expression.
Previous studies have also suggested that not all cells respond to DNA damage by either G 1 /S arrest or apoptosis. Dipple et al. have reported a lack of G 1 /S arrest in the human breast tumor cell line MCF7 after treatment with several DNA-damaging agents, including BPDE (26) (27) (28) 47) . Similarly, Pietenpol has reported an attenuated G 1 arrest in human keratinocytes after exposure to either IR or adriamycin treatment (30 As much of the work that established the p53 paradigm utilized fibroblasts or lymphoid cells as the target cell population, and various forms of radiation or radio-mimetic treatments as the damaging agents, it is not immediately clear whether the altered responses noted above are a result of a difference in cell type or in DNA damaging agent. The studies noted above that failed to find a G 1 /S arrest, utilized epithelial cells or tumor cells of epithelial origin, and in unpublished studies we have noted the lack of induction of p21-Waf1 in normal human bronchial epithelial cells treated with BPDE. UVC irradiation of HME87 at sublethal doses also fails to initiate either apoptosis or G 1 /S arrest (manuscript in preparation). Thus, it is entirely possible that the lack of prompt establishment of a G 1 /S checkpoint is primarily an epithelial cellspecific phenomenon, rather that a damage-specific response.
The lack of prompt induction of p21-Waf1 was not expected from our studies of p53 at the protein level. Thus, western analyses ( Figure 8 ) indicated that rapid stabilization of p53 through phosphorylation of Ser15 was robust in BPDE-treated HME87 cells. Expression of several downstream targets of p53, including GADD45, WIP1 and p53R2, was induced, indicating that the transactivation activity of p53 was increased after DNA damage. There are several models that might explain this. First, it is possible that the overall pattern of post-translational modification of p53 differs from that seen in the paradigmatic responses of fibroblasts, and that there is gene-selective enhancement of p53 transactivation activity, allowing the induction of many downstream targets but not including induction of p21-WAF1. Several lines of evidence provide precedents for gene-specific modifications of p53. For example, induction of the apoptosis regulator p53AIP1 appears to require phosphorylation of Ser46 (21) . In addition, recent studies in UV-irradiated fibroblasts identified time-dependent changes in the selectivity of endogenous p53 protein for binding to response elements derived from the GADD45 and p21-WAF1 promoters (49) .
An alternative model would be that an additional factor or factors modulates p21-WAF1 gene expression in HME87 cells. Thus, there could be a constitutive or BPDE-inducible repressor of p21-WAF1 in HME87 cells, which antagonizes the ability of p53 to activate the gene. ATF3 is a candidate for such an activity. The amount of ATF3, measured at the mRNA or total protein level, was induced rapidly after BPDE treatment (Table III, Figures 5 and 9 ), but fell towards uninduced levels at 24 h post-treatment, the time at which a 2-fold increase in p21-WAF1 mRNA was detected. ATF3 has been shown to act as a repressor for several genes (35, 50, 51) , although it has not been functionally linked to p21-WAF1. It has recently been reported that p53-mediated transactivation of the MMP-2 promoter is blocked by over-expression of ATF3, apparently through direct interaction at the protein level (52) . Thus, it is possible that ATF3-p53 interaction may block p21-WAF1 activation.
Alternatively, activation of transcription of the p21-WAF1 gene in HME87 cells may require cooperation between the induced p53 activity and other positively acting transcription factors. In this regard, it is of interest that expression of the E2A transcription factor gene decreased rapidly after BPDE treatment, but returned towards control levels at 24 h posttreatment. E2A was originally described as an important factor in differentiation of B lymphocytes, and now appears to be involved in differentiation of other cell types (53) (54) (55) . A major role for E2A in differentiation appears to be the induction of p21-WAF1 expression, allowing cells to exit the cell cycle during terminal differentiation (56) . It is thus possible that E2A is also a positively acting transcription factor for p21-WAF1 in HME87 cells, and is in fact required for the induction of p21-WAF1 by activated p53. Under this model, a reduced amount of E2A protein at 4 and 10 h post-BPDEtreatment would prevent the induction of p21-WAF1.
In contrast to the timing of p21-WAF gene transcription, two other p53 target genes, GADD45 and WIP1, were found to be significantly up-regulated at the early time points, 4 and 10 h (Table III) . GADD45 has been shown to be necessary for a full G 2 /M arrest in response to UV radiation or chemical treatment (20) . Although multiple roles for GADD45 have been proposed, inhibition of cdc2/cyclin B1 kinase activity through interaction with cdc2 appears to be central to checkpoint establishment (20, 57, 58) . Thus, the known activity of GADD45 and its expression early after BPDE treatment are consistent with the early establishment of a G 2 /M arrest, as is seen in Figure 3 . Wip1, on the other hand, appears to be involved in a negative feedback loop that selectively limits the contribution of p38 MAPK signaling to p53 activation (59) . Interestingly, GADD45 has recently been shown to activate MTK1/MEKK4, a MAP kinase kinase kinase, which mediates activation of both p38 and JNK (60) . Thus, timedependent changes in the relative activation levels of GADD45 and Wip1 (Table III) could alter the relative contributions of p38 and JNK to the phosphorylation state of p53 as the damage response progresses. Attenuation of p38 signaling by the continued expression of Wip1 should also limit phosphorylation of p53 at Ser46 (59), thus accounting in part for the lack of apoptosis induction (21) .
Previous work has identified numerous cellular stresses that induce the expression of ATF3, including ischemia, partial hepatectomy, cycloheximide and treatment with the genotoxic agents IR, UV and methyl methanesulfonate (35, 61) . The significant induction of ATF3 by BPDE treatment shown here expands the classes of cellular-stressors exhibiting this activity to include PAH carcinogens. In other systems, JNK activation has been implicated in ATF3 induction, and both ATF2 and cfos transactivate the ATF3 promoter (43) . Consistent with this mechanism, activation of c-jun and ATF2 by phosphorylation, as well as an increase in phosphorylated SAPK precede the induction of ATF3 by BPDE treatment. It has also been suggested that the induction of ATF3 by IR is p53-dependent, at least in some cell types (61) . However, this dependence may be indirect, especially as the promoter region of the ATF3 gene contains no consensus p53 binding sites.
The effects of ATF3 induction in the response to BPDE are unclear. Overexpression of ATF3 has been linked to survival (62) , liver dysfunction (63), apoptosis (64, 65) , cardiac abnormalities (66) and enhanced growth (67) in different systems. At the molecular level, evidence has been presented that overexpression of ATF3 can induce expression of proenkephalin (68) , CCND1 (67) and TP53 (62) , but inhibit transcription of GADD153/CHOP (50), phosphoenol pyruvate carboxy kinase (63) and ATF3 (51) . These and other transcriptional responses 232 are probably cell-type specific as ATF3 can form both homodimers and heterodimers with a wide range of bZIP transcription factors, including ATF2, c-fos, c-jun, junB, junD and GADD153 (35) and also can complex with p53 (52) altering its transactivation activity. ATF3 homodimers are transcriptional repressors, while several of the heterodimers show either activation or repression, depending on the context (35) . Nevertheless, the fact that a wide variety of stressors activate ATF3 transcription in a variety of cell types suggests that it must have important consequences.
